Abstract Studies on bovine group B rotaviruses (GBRs) are limited. To date, only the VP6 gene of a single bovine GBR strain and the VP7 and NSP5 genes of a few bovine GBR strains have been sequenced and analyzed. In the present study, using a single-primer amplification method, we have determined the full-length nucleotide sequences of the VP1, VP2, VP4, VP6, NSP1 and NSP2 genes of three bovine GBR strains from eastern India. In all six of these genes, the bovine GBR strains shared high genetic relatedness among themselves but exhibited high genetic diversity with cognate genes of human, murine and ovine GBRs. Interestingly, as with group A rotaviruses, the bovine GBR VP1, VP2, VP6 and NSP2 genes appeared to be more conserved than the VP4 and NSP1 genes among strains of different species. The present study provides important insights into the genetic makeup and diversity of bovine GBRs, and also identifies a novel GBR VP4 genotype.
Introduction
Rotaviruses (genus Rotavirus, family Reoviridae) are major causes of diarrhoea in humans and other animals [8] . The mature rotavirus particle contains eleven segments of double-stranded RNA that encode six structural (VP1-4, VP6-7) and six nonstructural proteins (NSP1-6) [8] . Among the structural proteins, VP1 is an RNA-dependent RNA polymerase (RdRp), VP2 is the major inner core protein, VP3 functions as the viral capping enzyme, VP6 forms the inner capsid, and VP4 and VP7 constitute the outer layer of the viral capsid [8] . The nonstructural proteins are primarily involved in virus replication and morphogenesis [8] .
Rotaviruses have been classified into seven groups (A-G) on the basis of the antigenicity of the VP6 protein [8] . Among them, group A and C rotaviruses (GARs and GCRs, respectively) cause diarrhoea in infants and children [8] , while group B rotaviruses (GBRs) have been primarily associated with diarrhoea in adults [17] , though a recent study reported high rates of detection of GBRs among children with diarrhoea [3] . Apart from humans, group B rotaviruses cause diarrhoea in pigs, lambs, rats and cattle [2, 5, 10, 31, 32, 34, 35] . In cattle, GBRs have been detected in sporadic cases and/or outbreaks of diarrhoea in calves and adults from India, Japan and the USA [2, 5, 10, 34] . Moreover, antibodies to GBRs have been reported in cattle from Japan and the UK [4, 33] .
In contrast to the GARs, limited sequence data are available for GBR strains. To date, the full genome of a murine and a few human GBR strains have been sequenced [17, 25] . In lambs, NSP1 and NSP5 genes of an ovine GBR strain have been sequenced [31] . In cattle, VP7 gene sequences are available for bovine GBRs from India (Kolkata and RUBV strains), Japan (Nemuro strain) and USA (ATI, Mebus and WD653 strains) [2, 5, 10, 34] . Among other bovine GBR genes, NSP5 genes of the Kolkata and RUBV strains and VP6 gene of Nemuro strain have been sequenced [2, 10, 33] . Comparative analyses of these gene sequences have revealed high genetic diversity among GBR strains between species.
The rotavirus outer capsid proteins VP4 and VP7 provide immune protection, and therefore, information on VP4 and VP7 genotypes is important for vaccine development [8, 16] . Moreover, full-genome analysis of rotaviruses is necessary to ascertain the true origin of a strain [12, 22] . However, our present knowledge on the bovine GBR genome is limited to only three (VP6, VP7 and NSP5) of the 11 gene segments. Therefore, information on the remaining 8 bovine GBR gene segments is required to completely understand the evolution of bovine GBRs and their genetic relatedness to other GBRs. Moreover, the gathering of such sequence information might be helpful for investigating the ecology of human GBRs, since they seem to be rare, and it is not clear if they are true human pathogens or the result of occasional transmission from unidentified animal sources.
In the present study, we report for the first time the fulllength nucleotide (nt) sequences of the VP1, VP2, VP4, NSP1 and NSP2 genes of three bovine GBR strains (1 Kolkata and 2 RUBV strains). The VP6 genes of these strains were also characterized genetically. Our findings provide new insights into the genetic makeup of bovine GBRs and identify a novel GBR VP4 genotype.
Materials and methods

Viruses
Bovine GBR strains DB176, RUBV226 and RUBV282, characterized in the present study, were detected from calves with diarrhoea during surveillance studies conducted at a cattle market in the city of Kolkata, eastern India [2, 10] . The sample collection dates for the samples were November of 2001, December of 2004 and February of 2005 for strains DB176, RUBV226 and RUBV282, respectively [2, 10] .
RT-PCR, cloning and sequencing
The full-length nt sequences of the VP1, VP2, VP4, VP6, NSP1 and NSP2 genes of bovine GBR strain DB176 were obtained by the single primer amplification method as described previously [36] . Rotavirus RNA was extracted from stool samples using a QIAamp Viral RNA Mini kit (Qiagen Sciences, MD, USA). Thereafter, ligation of the single amino-group-linked oligonucleotide primer to the 3 0 -ends of both strands of the viral double-stranded RNA, column-based purification and concentration of the ligated RNA and RT-PCRs were carried out as described previously [36] . The PCR products were cloned into the pCR2.1-TOPO vector (Invitrogen, CA, USA), and six positive clones were sequenced for each of the six genes. Subsequently, 5 0 -and 3 0 -end primers and several internal primers were designed from the full-length VP1, VP2, VP4, VP6, NSP1 and NSP2 gene sequences of strain DB176 and used to confirm the obtained data by RT-PCR and sequencing. Moreover, these primers were also employed to amplify and determine the full-length sequences of the six genes of the two other bovine GBR strains, RUBV226 and RUBV282. Furthermore, the 5 0 -and 3 0 -end sequences of the six genes of the three bovine GBR strains were confirmed using a modified single-primer amplification method. Briefly, cDNA was generated from viral RNA by the singleprimer amplification method [36] , and the 5 0 and 3 0 portions were then amplified and sequenced using the common end primer C (complementary to the ligated primer) [36] and internal primers, designed from the obtained sequences. Throughout the study, nt sequences were determined using a BigDye Terminator v3.1 Cycle Sequencing Reaction Kit (Applied Biosystems, CA, USA) on an automated sequencer (ABI PRISM 3100).
Sequence analysis
Sequence comparisons, multiple alignments and plotting of hydropathy profiles were carried out as described previously [2, 10, 25] . Phylogenetic trees were generated by the neighbor-joining method [27] using the MEGA software (version 4.1). The trees were statistically supported by bootstrapping with 1,000 replicates, and phylogenetic distances were measured by the Kimura two-parameter model.
Nucleotide sequence accession numbers
The full-length nt sequences of VP1, VP2, VP4, VP6, NSP1 and NSP2 genes of bovine GBR strains DB176, RUBV226 and RUBV282 were submitted to the GenBank database, and were assigned consecutive nt sequence accession numbers GQ358710-GQ358727.
Results and discussion
Although GBRs have been detected in cattle in different parts of the world, few bovine GBR genes have been sequenced and analyzed. Among them, the VP7 genes of the Kolkata and RUBV strains, detected from a cattle market in eastern India, shared high deduced amino acid (aa) identities (97.8-100%) among themselves but exhibited \89% deduced aa identities to those of other bovine GBRs, suggesting the existence of at least two bovine GBR VP7 genotypes [2, 10] . However, the overall VP7 identities among bovine GBRs were higher than those between bovine and human or murine GBRs [2, 5, 10, 34] . The NSP5 genes of the Kolkata and RUBV strains shared high deduced aa identities (97-100%) among themselves, but exhibited low aa identities (48-50.6%) to those of human and murine GBR strains and relatively higher aa identities (81.9-83%) to that of ovine strain KB63 [2, 10] . The VP6 gene of the Nemuro strain exhibited high diversity to those of human and murine GBRs [33] . These observations indicated that bovine GBRs might be genetically distinct from other GBRs, but they were based on limited data on three gene segments.
In the present study, we determined the full-length nt sequences of the VP1, VP2, VP4, VP6, NSP1 and NSP2 genes of one Kolkata (DB176) and two RUBV (RUBV226 and RUBV282) bovine GBR strains for which samples were available in sufficient quantities. In all three bovine GBR strains, each of the four structural (VP1-2, VP4, VP6) and two nonstructural (NSP1-2) genes sequenced exhibited identical sizes, including that of the open reading frame (ORF) ( Table 1 ). The 5 0 -end of all six bovine GBR genes started with a GG-sequence (Table 1) , which is common to GARs, GBRs and GCRs [8, 16] . On the other hand, the 3 0 -termini of the VP1, VP2, VP4, VP6 and NSP1 genes of the three bovine GBR strains ended with a -AAAACCC sequence, which is common to those of human GBRs [16, 25] . However, the NSP2 gene of these bovine GBRs terminated with a -AAGACCC sequence (Table 1 ).
Molecular characterization of VP4 gene
The bovine GBR VP4 gene was 16 and 19 bp longer than those of murine and most human GBRs, respectively ( Table 1 ). The predicted bovine GBR VP4 protein was 7 and 8 aa longer than those of murine and most human GBRs, respectively (Table 1 ). Comparative analysis of the deduced aa sequences of the VP4 gene of GBRs revealed three putative trypsin cleavage sites in the bovine GBR strains that were also conserved in murine strain IDIR, while only the second and third sites were present in the human GBRs (Fig. 1) . Interestingly, the predicted third cleavage site of bovine GBRs was best aligned with the preferred second site of GARs (data not shown). Based on the second and third putative trypsin cleavage sites, the VP8* and VP5* portions of VP4 of the bovine GBRs were 215 and 536 aa long, respectively. The VP8*-VP5* aa ratio was 1:2.49, which is within the range (1:2.1-2.6) observed in GARs, GBRs and GCRs. In GARs, higher sequence diversity has been observed in VP8* than in the VP5* portion of VP4 aa sequences [11, 30] . Similarly, the A dot indicates an amino acid identical to that of the DB176 sequence, while a dash denotes a gap generated to obtain the best alignment. Amino acid numbers are indicated for the leftmost and rightmost residues of each sequence. Bov bovine, Hu human, Mu murine VP8* portion of bovine GBRs appeared to be more diverse than VP5* and the whole VP4 protein (Table 2 ; Supplementary Fig. S1 ). Moreover, the additional amino acids present in VP4 of bovine GBRs were mostly located in the VP8* portion ( Supplementary Fig. S1 ). The VP4 genes of the three bovine GBR strains shared high genetic relatedness among themselves but exhibited low genetic relatedness to those of human and murine GBRs ( Fig. 2; Table 2 ). With the VP4 of novel group strains B219 and J19, which are related to GBRs [1, 15, 25] , the bovine GBR strains exhibited nt and aa identities of 50.2-50.5% and 25.4-26.3%, respectively. By multiple alignment of GBR VP4 aa sequences, all 24 proline and 10 cysteine residues in the bovine GBR strains DB176, RUBV226 and RUBV282 were located at identical positions, and of them, 17 proline and 4 cysteine residues were also conserved in other GBRs (Supplementary Fig. S1 ). Comparisons of the hydropathy profiles of VP4 aa sequences of bovine, human and murine GBRs revealed common features, such as the presence of hydrophilic regions at the N-terminus and around the putative trypsin cleavage sites, and hydrophobic regions in the VP5* portion (Fig. 3) . However, the human GBRs lacked a hydrophilic region present in VP8* portion of bovine and murine GBRs (Fig. 3 ).
Molecular characterization of the VP6 gene
The VP6 gene sequences of the three bovine GBR strains exhibited high identities among themselves and shared moderate nt identities but high aa identities to the only other available bovine VP6 gene sequence of the Nemuro strain (Table 2) . On the other hand, strains DB176, RUBV226 and RUBV282 exhibited low sequence identities to human and murine GBRs (Table 2) , and by phylogenetic analysis, clustered together with the Nemuro strain to form a bovine lineage distinct from that of the human and murine GBRs (Fig. 2) . Therefore, our findings corroborated previous observations [33] that the genetic relatedness of VP6 among GBRs of different species was lower than those observed among GARs and GCRs of different species. However, despite their low genetic relatedness, several of the proline and cysteine residues in the bovine VP6 aa sequences occurred at positions identical to those in human and murine GBRs ( Supplementary  Fig. S2 ). The VP6 gene of bovine GBRs exhibited low nt (53-54.1%) and aa (36.9-37.4%) identities to those of the novel group rotavirus strains B219 and J19.
Molecular characterization of the VP2 gene
The bovine GBR VP2 gene was 2 bp longer than those of most other GBRs and encoded a predicted protein that was 3 aa longer than those of other GBRs ( Table 1 ). The bovine GBR VP2 gene appeared to be highly conserved among strains DB176, RUBV226 and RUBV282 and exhibited high diversity to those of human and murine GBRs ( Fig. 2 ; Table 3 ). By multiple alignment of GBR VP2 aa sequences, 46 of the 47 proline residues and all 6 cysteine residues were conserved among bovine GBRs, with the additional proline residue being present in the two RUBV strains, and of them, 39 proline and 4 cysteine residues were also conserved in other GBRs (Supplementary Fig. S3 ). In the GARs, although the VP2 proteins from different strains are highly conserved, they show marked variation in their amino termini [23] . This portion of VP2 is thought to lie inside the core shell and to bind the viral enzyme-RNA complex (VP1/VP3/RNA) [20, 26] , and therefore, such variations within this region might reflect differences in protein-protein or protein-RNA interactions and RNA synthesis among strains [23] . Interestingly, the amino termini (aa 1-75) of the VP2 aa sequences of the bovine GBRs also exhibited considerable variation (35.5-39.5% c No sequence data were available for the VP4 gene of strain Nemuro in the GenBank database aa identity) from those of other GBRs, although the overall VP2 aa identities were much higher (Table 3 ).
Molecular characterization of the VP1 gene
The bovine GBR VP1 gene, which encodes the RdRp, was shorter than those of human and murine GBRs ( Table 1) . The bovine VP1 gene appeared to be highly conserved among strains DB176, RUBV226 and RUBV282 and exhibited low genetic relatedness to those of human and murine GBRs ( Fig. 2 ; Table 3 ; Supplementary Fig. S4 ). However, despite low sequence identity with human and murine GBRs, the specific sequence motifs, conserved in RdRps of double-stranded RNA viruses [6] , were retained in the VP1 of bovine GBRs (Fig. 4) . Moreover, similar to previous observations in human and murine GBRs [24] , the N-and C-terminal ends of bovine GBR-VP1 appeared to be more diverse than the central part that corresponds to the polymerase domain of GAR-VP1 ( Supplementary  Fig. S4 ).
Molecular characterization of the NSP1 gene
The bovine GBR NSP1 gene exhibited higher nt identity to that of ovine GBR strain KB63 than to those of human or murine GBRs (Table 4) . However, unlike the ovine strain, the bovine NSP1 gene contained two ORFs, as in the human and murine GBRs ( Table 1 ). The deduced aa sequences of the bovine NSP1 gene ORF 1 and 2 shared low identities with those of human and murine GBRs, while the three peptides of ovine GBR strain KB63 exhibited relatively higher identity to cognate stretches of NSP1 of the three bovine GBR strains (Table 4) .
By phylogenetic analysis, the bovine strains and the ovine strain formed a single cluster that was distinct from the human and murine GBRs (Fig. 2) . Therefore, the NSP1 gene of bovine GBRs appeared to be more related to that of ovine strain KB63 than to those of human and murine GBRs. Although the zinc-finger motif region is absent in NSP1 peptides of GBRs, a previous study [18] had identified regions of conserved cysteine and histidine residues that are similar to the cysteine-rich zinc-finger motif regions of NSP1 of GARs. The NSP1 peptide 2 sequences of the bovine GBR strains also lacked the zinc-finger motif but retained these conserved cysteine and histidine residues ( Supplementary Fig. S5 ). Moreover, a conserved cysteinerich motif [C-X-C-X8-C-X9-C2-X9-C-X6-C-X2-C] (aa positions 120-162) was present in the NSP1 peptide 2 of the bovine GBR strains (Supplementary Fig. S5 ). In GARs, the NSP1 protein is considered to be highly divergent among strains within and between species [12, 13, 16, 22] . Despite the high divergence, previous studies had shown clustering of GAR NSP1 sequences according to the species of origin and indicated its significance as a host range restriction factor [7, 19] . Similarly, the NSP1 sequence identities between bovine and other species were the lowest among the bovine GBR genes sequenced so far. On the other hand, phylogenetic clustering of NSP1 sequences of GBR strains from related species (bovine and ovine) was also evident.
Molecular characterization of the NSP2 gene
The NSP2 gene of the three bovine GBR strains was 4 and 6 bp shorter than those of murine and human GBRs, respectively ( Table 1 ). The NSP2 sequences of the bovine GBRs shared high genetic relatedness among themselves but exhibited high genetic diversity to those of human and murine GBRs ( Fig. 2; Table 4 ). With the partial NSP2 sequence of a porcine GBR strain (strain BRA16-UEL, GenBank accession no. EF577259), nt and aa identities of In GARs, the NSP2 gene has been shown to be highly conserved among strains within and between species [12, 22] . Interestingly, the NSP2 sequence identities of bovine GBRs to those of other species were highest among the different bovine GBR genes sequenced so far.
Conclusions
Detailed analyses of the full-length VP1, VP2, VP4, VP6, NSP1 and NSP2 gene sequences of strains DB176, RUBV226 and RUBV282 provided new insights into the genetic makeup of bovine GBRs. All six genes were highly conserved among these strains. However, relatively higher sequence identities were observed between strains RUBV226 and RUBV282 than between RUBV GBRs and DB176, and this might be due to accumulation of point mutations over time, considering the time intervals between detection of the DB and RUBV strains. The bovine GBR VP1, VP2, VP4, VP6, NSP1 and NSP2 genes exhibited high genetic diversity with cognate genes of human, murine and ovine GBRs. Therefore, information on 8 of the 11 bovine GBR gene segments clearly suggested that the bovine GBR genome might belong to a separate evolutionary lineage of GBRs that is distinct from human and murine GBRs. These observations further suggested that the GBR genome might be more species-specific than that of the GARs. Nevertheless, the overall pattern of genetic relatedness observed was similar to that of the GARs, with the bovine GBR VP1, VP2, VP6 and NSP2 genes being more conserved than the VP4 and NSP1 genes among strains between species. In this context, it would have been interesting to study the remaining three bovine GBR genes (VP3, NSP3-4). However, in the present study, further molecular characterization of bovine GBRs could not be performed because sufficient amount of samples were not available. The present study also identified a novel GBR VP4 genotype. For the GARs, nt and deduced aa sequence identity cutoff values of 80 and 89%, respectively, form the basis of classification of VP4 genes of different strains into at least 31 P genotypes [22, 29] . For the GCRs, the lack of high aa sequence homology (\80%) among bovine, human and porcine VP4 genes indicated the presence of at least three genotypes [14] . Although no formal classification scheme exists for VP4 of GBRs, the sequence identities exhibited by the bovine GBR VP4 genes to those of human and murine GBRs were extremely low (60.1-62% nt and 54.8-60.2% aa) compared to the proposed sequence identity cutoff values for assigning VP4 genotypes to GARs, and therefore, the bovine GBR VP4 genes might constitute a novel, third GBR VP4 genotype. Unlike GARs, the three GBR VP4 genotypes appeared to be species-specific (human, murine and bovine). In GARs, the VP4 genotype may not always coincide with VP4 serotype designations [8] . Due to a lack of tissue culture adaptation of GBRs, except for a porcine strain [28] , no serotyping scheme has been defined for GBRs [21] . However, the high levels of sequence divergence observed among the three GBR VP4 genotypes indicated that multiple VP4 serotypes might exist in GBRs. The zoonotic potential of GARs has been well documented [12, 16, 22] . Recently, transmission of GCRs from pigs to humans has been reported [9] . On the other hand, as of now, there is no genetic evidence for animalto-human transmission of GBRs. Human and murine GBR strains are genetically diverse [17, 25] , and in all eight bovine GBR gene segments sequenced, high genetic diversity was observed with human GBRs. However, GBRs have been reported from humans and cattle from the same geographical region (eastern India) [2, 3, 10, 17] . In such regions, humans live in close proximity to cattle, and therefore, the possibility of reassortment events involving human and bovine GBRs cannot be ruled out. Further studies are required to better understand the mechanisms of genetic diversity of GBRs and investigate the possibility of their transmission across species.
